The Betic-Rif arc is one of the smallest and tightest orogenic arcs on Earth, and together with its extensional hinterland, the Alborán Domain, it formed between two colliding continents. The region provides examples of a range of tectonic processes that are not predictable from the rules of rigid-plate tectonics. The Alborán Domain reveals two stages of subduction and accretion, with different thermal histories and mechanisms of exhumation. The external Betic-Rif thrust belt illustrates four processes that create an arcuate orogen and a strongly divergent pattern of slip vectors: (a) the interaction between the westward moving Alborán Domain and the converging African and Iberian margins, (b) divergence in relative motion due to extension within the Alborán Domain, (c) slip partitioning onto strike-slip faults within the arc, and (d ) vertical-axis rotations resulting from oblique convergence on the limbs of the arc.
The Betic-Rif Arc and Its Orogenic Hinterland: A Review
INTRODUCTION
Continental convergence zones around the world are commonly highly sinuous and include orogenic arcs of variable curvature, ranging from very open, broad arcs, such as the Himalayan mountain chain, to very tight, small scale arcs, such as the Betic-Rif arc discussed here (Figure 1) . Many of these mountain chains follow plate boundaries, including zones of continental collision, yet their geometry is not explicable in terms of the motion of rigid plates: neither the local trend nor the degree of curvature are predictable from the magnitude or orientation of relative plate motions. In most cases, their geometry also lacks correspondence to the shape of pre-existing continental margins on either side of the zone of convergence. Arcs that are convex toward the underthrust or subducting plate commonly have a back-arc or hinterland region on the concave side: These back-arc regions show evidence for crustal thinning and, in some cases, rifting and the formation of a new oceanic lithosphere (Faccenna et al. 2001 , Jolivet et al. 2008 , Platt 2007 .
Where a subduction-related magmatic arc is developed, the back-arc basin lies on or behind the locus of magmatism. Coupled orogenic arc-back-arc basin systems therefore resemble the coupled intraoceanic subduction zones and marginal basins of the western Pacific. The main difference is that continental arcs show evidence for significant shortening and thickening of continental crust, and in some cases subduction of subcontinental mantle and perhaps also lower crust. In the Himalaya, for example, 1,000-2,000 km of convergence has taken place in a purely continental lithospheric setting since collision (Achache et al. 1984) , and much of this convergence has been absorbed within the Tibetan plateau, which forms the back arc or hinterland to the Himalayan orogen (Tapponnier et al. 2001) . Continental arc-back-arc basin systems therefore represent large areas of tectonism, the behavior of which cannot be directly predicted from the simple kinematic rules of plate tectonics, and they involve tectonic processes we still do not fully understand.
The Betic-Rif arc may be the tightest and smallest of the continental arcs: The thrust belt swings through more than 180
• in trend around the arc and has a radius of curvature at the western end of a little more than 100 km. It straddles the convergent boundary between Africa and Iberia but closes westward, creating a problem in determining the location and nature of the plate boundary. The thrust belt comprises deformed sedimentary rocks that were largely deposited on continental crust, requiring significant underthrusting or subduction of continental basement and lithospheric mantle beneath the arc (Figure 2) . The hinterland region (called the Alborán Domain after the Alborán Sea in the western Mediterranean) is also largely continental in character and shows dramatic evidence of thinning and coeval heating during the early stages of formation of the arc. The overall structure and geological evolution of the Betic-Rif-Alborán region are now well known, yet the debates over the kinematics and dynamics of its formation have spanned decades. The region has the potential to enlighten us about a range of plate-tectonic and post-plate-tectonic processes. The aim of this paper is to highlight what we think we know about this system, what we need to know, and what we hope to learn.
HOT TOPICS

Dynamics of Arc Formation
The formation of an arcuate orogen must be reflected in the geometry of the subducting slab, and the dynamics of the subduction process likely exert substantial control on the geometry of the arc (Faccenna et al. 2004 ). However, development of the arc requires significant strain in the back-arc region, and the dynamics of this process may also exert control. One of the long-standing debates about the formation of these systems regards the relative importance of driving forces exerted by the subducting slab versus those generated within the extending back-arc. Current competing explanations for the Betic-Rif arc include (a) subduction zone rollback driven by the negative buoyancy of the subducting slab and accommodated by extension in the back-arc (Lonergan & White 1997 , Royden 1993 and (b) back-arc extension caused by an increase in gravitational potential energy associated with the removal of some part of the underlying lithosphere (Calvert et al. 2000 , Platt & Vissers 1989 (Figure 3) . Distinguishing among these models requires an improved understanding of the upper mantle structure beneath the arc and back-arc.
Kinematics of Arc Formation
A related question concerns the kinematics of the thrust belt that delineates the arc. Slip vectors inferred from the seismicity of many arcuate orogens and subduction zones show strongly divergent patterns (e.g., Yu et al. 1993) , and similar patterns of motion are suggested by the orientations of slip lineations in arcuate thrust belts (e.g., . Explanations for these patterns all involve complex modes of deformation within the arc or back-arc (Figure 4) .
Where Was the Oceanic Crust?
A vexing question in discussions of the origin of the Betic-Rif arc concerns the amount and distribution of oceanic crust and lithosphere that has been subducted. Oceanic subduction may leave little trace in the geological record, and this may strongly bias estimates of crustal displacement. The relative proportions and thicknesses of oceanic and continental lithosphere are crucial to discussions of the dynamics of the arc.
History of Convergence and Extension
Hotly debated topics associated with the Betic-Rif arc and the Alborán Domain concern the timing of the initiation of subduction and the spatial and temporal relationships among the various phases of convergence and extension identified or postulated within the system. These phases are recorded mainly by metamorphic and deformational events that can be difficult to date precisely because they may not reset conventional geochronological clocks. Biostratigraphic dating of syntectonic sediments is also affected by faunal reworking, and stratigraphic relationships can be difficult to establish in highly deformed settings.
Mechanisms of Exhumation of Deeply Buried Metamorphic Rocks
The Alborán hinterland contains the exhumed remains of two subduction complexes. The rocks composing these complexes have been buried to depths of 50 km or more, but they show sharply contrasting thermal evolutions and modes of deformation. The processes and driving forces that have brought these rocks back to the surface are the subject of continuing discussions and research.
Nature and Provenance of the Alborán Crust
Uncertainties about the timing and amount of displacement of the Alborán Domain, which are key to understanding the formation of the arc, result from uncertainties regarding its provenance. The Alborán Domain has been variously regarded as part of the African margin, as part of the Iberian margin, or as an independent microplate. Inferences about its provenance are also complicated I berian foreland nterna nter terna terna n ntern n n n rn n n n Internal a e a t 
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Figure 1
Tectonic map of the Betic-Rif arc and Alborán region. Prebetic, Subbetic, Flysch, Prerif, Mesorif, and Intrarif zones define the Miocene external Betic-Rif thrust belt. Internal Betics and Rif, plus Alborán metamorphic basement, form the Alborán Domain. Geology and structure of the Alborán Sea based on Comas et al. (1999) : Key shows fault types. (Inset) Tectonic map of the Mediterranean showing arcuate orogens of the peri-Mediterranean system, indicating Neogene thrust belts ( yellow), pre-Miocene contractional zones (orange), thinned continental crust in Neogene back-arc basins ( green), Neogene oceanic crust (blue), and plate boundaries (red ). Abbreviation: SB, Subbetic. InternalExternal Zone Boundary
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Figure 2
Representative cross sections of the Betic-Rif-Alborán region; for map of locations noted in panels, see Figure 1 . (a) East-west profile through the Alborán Sea (modified from Torné et al. 2000) . Transitional crust at east end of profile may include arc-type volcanics and a transition into the oceanic crust of the Balearic basin. (b, c) Simplified sections across the external thrust belt in the eastern Betics and Rif, parallel to the thrust transport direction (after Platt et al. 2003a ). (d ) Simplified section along the strike of the internal Betic Cordillera, parallel to transport direction during Miocene extension (after Platt et al. 2006) . Numbered points (e.g., 1170/750) give metamorphic pressures in megapascals and temperatures in Celsius. Abbreviations: IZ, early Miocene foreland basin deposits; J, Jurassic; K, Cretaceous; T, Tertiary; Tr, Triassic.
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Figure 3
Models for upper mantle processes beneath the Alborán Domain: (a) delamination (e.g., Calvert et al. 2000) , (b) slab break-off (e.g., Blanco & Spakman 1993) , (c) convective removal of lithosphere (Platt & Vissers 1989) , and (d ) slab rollback (Lonergan & White 1997 , Royden 1993 . All the postulated processes involve the sinking of negatively buoyant lithosphere and rising positively buoyant asthenospheric mantle. This flow drives a pattern of extensional and contractional tectonics in the overlying crust, with associated thermal effects and changes in surface elevation. The main differences concern whether oceanic lithosphere is involved and whether the sinking lithosphere behaves as a viscous fluid or a rigid slab.
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Figure 4
Explanations for the variation in transport direction in an arcuate thrust belt surrounding a moving hinterland region (red shaded ). (a) Transverse extension in the back-arc can cause deviations in the relative motion around the arc. (b) Slip partitioning onto strike-slip faults can cause variations in the thrusting direction, even where the relative motion of the hinterland does not change. (c) Vertical-axis rotations associated with oblique convergence on the flanks of the thrust belt can reorient the geological indicators used to infer the thrusting direction.
by the incomplete, highly deformed, and largely metamorphosed stratigraphic sequences that compose it.
Origin and Emplacement History of Orogenic Peridotites
Large bodies of peridotite, showing geochemical characteristics of subcontinental lithospheric mantle, have been emplaced within the Alborán Domain and are exposed onshore in both the Betic Cordillera and the Rif. The timing and mechanism of their emplacement as well as their relationship to tectonic processes in the Betic-Rif arc present specific challenges and have been vigorously debated. In principle, these rocks may contain crucial information regarding the subcrustal evolution of the Alborán Domain.
PLATE TECTONIC SETTING
The Betic-Rif arc and the Alborán Domain straddle the boundary between the Nubian and Eurasian plates ( Figure 5 ) and are the locus of ongoing northwest-to west-northwest-directed dextrally oblique convergence at 4-6 mm year −1 (DeMets et al. 2010 , Koulali et al. 2011 . The plate boundary is clearly delineated in the eastern Atlantic, where it is a dextral transform fault (the Azores Fracture Zone) over much of its length. An increasing component of convergent motion appears toward the east, as a result of a slight obliquity between the relative plate motion vector and Active tectonics of the Alborán region and the Gulf of Cadiz, showing currently active or potentially active faults by type (see upper-left key) (after Comas et al. 1999 , Zitellini et al. 2009 ). Black lines indicate thrust fronts active in the early to middle Miocene; purple lines indicate the final thrust front (late Miocene) (solid ) and the outline of the accretionary wedge (dashed ) in the Gulf of Cadiz. Earthquakes >M4 from 1901 to 1964 (for data sources, see Serpelloni et al. 2007 ): <35-km depth ( gray dots), 35-150-km depth (blue dots). The yellow star indicates the epicenter of the 1969 M s 7.9 Horseshoe fault earthquake; the purple star, the location of the 1954 M w 7.8 Granada earthquake at ∼600-km depth; the red arrows, the velocities relative to the Nubian Plate (from Koulali et al. 2011) . SWIM faults are from Zitellini et al. (2009) the boundary. This has created a number of seismically active reverse faults and transpressional ridges, including the Gorringe Bank (Hayward et al. 1999) . The boundary then passes into a zone of diffuse, mainly shallow seismicity extending eastward from the Gulf of Cádiz along both flanks of the arc. Larger dextrally oblique and reverse fault earthquakes along the north African margin suggest that a fairly discrete plate boundary reappears to the east of the Alborán Sea (Morel & Meghraoui 1996) . The Betic-Rif arc is flanked on its northern side by the Iberian Peninsula, which has at times behaved independently of Eurasia. The detailed history of the relative motion of Africa, Iberia, and Eurasia is complicated and not fully known , Roest & Srivastava 1991 , Vissers & Meijer 2012 . The following is a simplified summary: All three continental blocks formed parts of Pangaea at the end of the Paleozoic, and continental reconstructions generally show Adria (the continental lithosphere underlying the Adriatic Sea and the western Apennines) lying immediately east of Iberia, in what is now the Balearic Basin. Rifting initiated in the Triassic, but continental breakup started toward the end of the Early Jurassic, creating a pattern of submerged blocks and basins on the newly created south Iberian and north African margins . At present, the continental crust that makes up the Alborán Domain is thought to have separated from both Africa and Iberia. However, it may have formed part of Adria, although this has not been demonstrated. Rifting between Iberia and Africa involved a strong sinistral component; where rift-related faults can be identified, they trend nearly north (Rey 1998) . The basin that opened between the two continents is unlikely to have been more than a few hundred kilometers wideessentially within the uncertainties of the plate tectonic reconstructions. We generally assume that this basin was underlain by a narrow strip of oceanic lithosphere connecting the Atlantic and Neotethys ocean basins, but direct geological evidence for this is lacking.
Eastward motion and counterclockwise rotation of Africa relative to Eurasia continued through the Mesozoic, accompanied by a sinistrally oblique opening of the Neotethys basin between the two. During the Early Cretaceous, however, Iberia became detached from Eurasia, and moved either independently or together with Africa, resulting in the opening of the Bay of Biscay and contractional deformation in the Pyrenees (Meijer & Wortel 1997) . Relative motion between Iberia and Africa may have largely ceased at this time. At some point during the Late Cretaceous, the motion of Africa relative to Eurasia swung to a more northerly direction and became contractional: The start of orogeny in the Alps is related to this change. At around 42 Mya (Eocene), contraction in the Pyrenees ceased, and Iberia became reattached to Eurasia. Limited geological evidence indicates a start to contraction between Iberia and Africa in Eocene to early Oligocene time (Lonergan 1993 , Platt et al. 2005 , and this led to the development of an accretionary orogen that makes up the present-day Alborán Domain. Africa-Iberia convergence slowed during the Paleogene and swung to a northwest and then west-northwest direction (Mazzoli & Helman 1994) , producing the present-day regime of dextrally oblique convergence. The independent motion of the Alborán Domain, which created the Betic-Rif arc, took place during this period.
PRESENT-DAY LITHOSPHERIC STRUCTURE AND ACTIVE TECTONICS
Crustal and Lithospheric Structure
The Alborán Sea, which lies at the heart of the system, is underlain by a relatively thin crust (12-20 km) and lithosphere (∼60 km), with moderately high heat flow (Torné et al. 2000) . At least some parts of it are underlain by continental crust, comprising metamorphic rocks similar to those found in onshore exposures of the Alborán Domain in the Betic Cordillera (Comas et al. 1999 ). The west Alborán Basin has up to 8 km of Neogene sediment fill (Torné et al. 2000) . By contrast, much of the central and eastern Alborán Sea is underlain by Neogene volcanics lying on an unknown basement (Figures 1 and 2a) , and parts of it may be entirely volcanic in origin (Booth-Rea et al. 2007) . Further east, the Alborán Sea passes into the Neogene oceanic crust of the Balearic Basin. The bulk of the volcanics, which range in age from 8 to 17 Ma, are generally regarded as being subduction related (Duggen et al. 2004 , Gill et al. 2004 ), but the predominantly intermediate to silicic character of the volcanics onshore suggests assimilation of the continental crust (Turner et al. 1999) . A transition to more alkaline magmatism in the onshore Betics and Rif occurred at around 10 Mya. Onshore exposures of the Alborán Domain mainly comprise Paleozoic and Mesozoic sedimentary rocks, now largely metamorphosed. The crust in the onshore regions is between 25 and 40 km thick (Torné et al. 2000) , but at least half of the crust consists of underthrust continental basement belonging to Iberia (in the Betics) or Africa (in the Rif).
The external thrust belt in the Betic-Rif arc comprises deformed Mesozoic and Tertiary sedimentary sequences. Foreland basins of flexural origin lie on both the Iberian (Guadalquivir Basin) and African (Rharb Basin) flanks of the arc (Figure 1 ) and are entirely filled with synorogenic sediment and thrust sheets from the frontal part of the thrust belt (Flinch 1996a,b) . Lithospheric thicknesses in these regions are normal for continental crust, and heat flow is low (Torné et al. 2000) . Westward from Gibraltar, the crust thins rapidly into the Gulf of Cádiz and undergoes a transition into Mesozoic oceanic lithosphere.
Seismicity
Several powerful earthquakes have occurred on compressional structures at the eastern end of the Azores Fracture Zone, including the 1969 M s 7.9 earthquake on the Horseshoe fault (Fukao 1973) (Figure 5 ). Shallow (crustal) seismicity extends from there eastward along the northern side of the Gulf of Cádiz and defines a diffuse east trend through the Betic Cordillera and a broader diffuse zone of seismicity through the Rif chain. Most events are too small to allow focal-plane mechanism analysis. Larger earthquakes indicate ongoing activity on a set of sinistrally transpressive faults in the eastern Betics (Vissers & Meijninger 2011 ) and on dextral and reverse faults along the north African margin (Morel & Meghraoui 1996) . Intermediate depth (subcrustal) seismicity occurs in the northern part of the Gulf of Cádiz in a south-trending zone extending across the west Alborán Basin into the Rif and also in a vertical zone extending beneath the city of Málaga on the Spanish coast (Calvert et al. 2000) . A small number of powerful earthquakes have occurred at depths of approximately 600 km beneath the city of Granada (Bezada & Humphreys 2012 , Grimison & Chen 1986 (Figure 5 ), but there is a complete gap in seismicity between 150 and 600 km.
Mantle Tomography
P-wave tomography from the Alborán region indicates the presence of a geometrically complicated body of seismically fast material extending from <200 to ∼600 km in depth, located beneath the west-central Alborán Basin and the Betic Cordillera. This was originally interpreted as a detached slab of lithospheric mantle (Calvert et al. 2000 , Carminati et al. 1998 ), but more recently, Gutscher et al. (2002) have interpreted it as a continuous subducted slab of oceanic lithosphere descending from the Gulf of Cádiz. At present, it is unclear whether the fast body at depth is continuous with the lithospheric mantle beneath the Gulf of Cádiz: Interpretation of this area is complicated by the velocity effects of the crust and the small scale of the imaged features in comparison with the resolution of the method. According to Diaz et al. (2010) , SKS splitting orientations appear to track around the Gibraltar arc, and the authors interpreted the pattern as supporting the existence of a subducted slab. Bokelmann et al. (2011) interpret P-wave dispersion data as indicating the presence of subducted ocean crust beneath the Alborán Domain.
Active Faulting
Morphological and seismological evidence for active slip has been documented for the following faults and faults sets ( Figure 5 ):
The sinistrally transpressive faults of the trans-Alborán shear zone (Stich et al. 2006) , which form an en echelon set including the northeast-to north-trending Lorca and Palomares faults in the Betic Cordillera, the east-northeast-trending Alborán Ridge in the Alborán Sea, and the Nekkor fault in the Rif A set of linked normal and east to west dextral faults that extends from near Almería on the Spanish coast westward into the Granada Basin (Martínez-Martínez et al. 2006) The east-southeast-trending dextral Yussuf fault, which cuts across the eastern part of the floor of the Alborán Sea (Watts et al. 1993) A set of east-southeast-trending dextral faults that extend from the eastern termination of the Azores Fracture Zone across the floor of the Gulf of Cádiz (the SWIM faults of Zitellini et al. 2009) The conjugate pattern of southwest-trending sinistral faults and east-southeast-trending dextral faults is consistent with northwest-directed Africa-Iberia contraction. However, ongoing normal faulting in the Granada Basin requires a driving force independent of the bounding plate motions (Martínez-Martínez et al. 2006) . Rates of motion on all these faults are likely to be of the order of 1-2 mm year −1 (Cunha et al. 2012 ), but they have not been fully quantified.
The Accretionary Wedge in the Gulf of Cádiz
Recent swath bathymetry and seismic profiling in the Gulf of Cádiz have indicated a westwardtapering wedge of seismically opaque material that forms a distinct lobate structure on the seafloor extending west of the Strait of Gibraltar (Zitellini et al. 2009 ). This has been variously interpreted as a giant olistostrome (Iribarren et al. 2007) , an accretionary wedge (Gutscher et al. 2002) , or some combination of the two. The thickness of the wedge at the landward end is difficult to determine but may exceed 10 km. The structure also appears to be continuous with a buried accretionary wedge identified by Flinch (1996a) in seismic profiles across the Rharb Basin, which is traceable into the Atlantic shelf region offshore of Morocco. It may represent the final stages of convergence between the Alborán Domain and the Nubian plate, but normal faulting in the upper part of the wedge suggests that thrusting was driven at least in part by gravity tectonics (Flinch 1996a) (Figure 6 ). An undeformed sedimentary cover interpreted to be of Pliocene to Recent age indicates that it largely ceased to be active at the end of the Miocene, and it is transected by the younger SWIM dextral faults (Crutchley et al. 2011) .
Geodesy
Geodetic data suggest that approximately 4-6 mm year −1 east-southeast motion of Eurasia relative to Nubia is distributed across the entire width of the Betic-Rif arc (Koulali et al. 2011 ) (Figure 5 ). Velocity vectors in some areas, however, are deflected from the regional pattern, so that parts of the Betics are moving southeast or south, and parts of the Rif are moving south by Line drawing from a seismic profile across the Prerif front, offshore Morocco (after Flinch 1996a). Sediments involved are late Miocene to Recent; green line approximates the Miocene-Pliocene boundary. The cumulative displacement on the normal faults in the central and northern parts of the section is comparable with that on the thrust faults in the southern part, suggesting that the deformation may be largely driven by gravity.
southwest, relative to Nubia. These local velocity differences are comparable with the uncertainties, and definition of the boundaries of the anomalous regions is difficult. Fadil et al. (2006) suggested that the south-southwest-moving part of the Rif is a block or microplate being driven by delamination of the underlying lithosphere. An alternative interpretation, however, is that parts of the thrust belt in the northern Rif are undergoing superficial gravity gliding on underlying poorly consolidated sediments and evaporites; Flinch (1996a) has documented this process in seismic profiles across the Rif.
Is There an Active Subduction Zone in the Gulf of Cádiz? Gutscher et al. (2002) have suggested that the tectonic evolution of the Betic-Rif arc is ongoing and may take the form of an active east-dipping subduction zone in the Gulf of Cádiz. This suggestion is attractive because it provides a possible explanation for the powerful earthquake and tsunami that destroyed Lisbon in 1755. Earthquakes strong enough to produce these effects are mainly limited to the shallow parts of subduction zone interfaces, and the epicenter of the Lisbon earthquake is thought to have been somewhere in the area of the Gulf of Cádiz. Additional evidence cited in support of this hypothesis includes the accretionary wedge west of Gibraltar (see above) as well as tomographic data believed to indicate that a slab of oceanic lithosphere dips steeply eastward from Gibraltar down to the locus of the deep earthquakes beneath Granada (Gutscher et al. 2002) . The position and geometry of the proposed active subduction zone require that the subducting ocean lithosphere belong to the Nubian plate ( Figure 5) . Accordingly, the Betic-Rif arc and the Alborán Domain would have to be moving westward relative to Nubia. However, such movement is not supported by the geodetic data: The emergent parts of the Betic-Rif-Alborán system are mainly moving southeast with respect to Nubia, apart from the anomalous south-southwest motion in the northern Rif (Koulali et al. 2011) . The proposed accretionary wedge also appears to be presently inactive, as it is mantled by post-Miocene sediment and cut by younger dextral faults. The most probable locus of the 1755 earthquake is on the compressional structures, such as the Horseshoe fault, at the eastern end of the Azores Fracture Zone (Stich et al. 2007 ).
Summary
Geodetic data and the pattern of young and active faults suggest that present-day tectonic activity in the Betic-Rif-Alborán region is a combination of (a) distributed northwest-southeast-directed dextrally oblique convergence between Africa and Iberia, accommodated on east-southeast-trending dextral, northeast-to north-trending sinistral, and east-northeast-trending reverse faults, which serve to transfer displacement from the Azores Fracture Zone to the Algerian margin; (b) local dextrally oblique extension in the Granada Basin; and (c) local south-southwest-directed retreat of the thrust front in the northern Rif. Deformation within the region is distributed on a number of very slow-moving faults, and attempts to delineate complex and geometrically improbable sets of discrete block boundaries are unlikely to assist us in understanding the internal kinematics or dynamics of the region.
THE EXTERNAL THRUST BELT
The defining characteristic of the Betic-Rif arc is the external thrust belt, which can be traced for nearly 1,000 km around the arc (Figure 1) . Trends of folds and thrust traces, although locally very variable, are generally west by southwest in the Betics. They swing south in the Gibraltar area and the northern Rif and then east by southeast, east, and even east by northeast in the southern Rif. These structures are continuous around the arc, and the arc as a whole is distinguished from the Alborán Domain by its thin-skinned character (with rare exceptions, only Triassic and younger sedimentary sequences are involved in thrusting), the lack of significant metamorphism, and the fact that contractional deformation is restricted to the Miocene. In the Betics, the thrust belt is made up primarily of rocks belonging to the rifted southern margin of Iberia, and in the Rif, it comprises rocks from the rifted north African margin. However, in the western Betics, the Rif, and eastward along the Maghrebides, the thrust belt also involves siliciclastic sequences, referred to as flysch, derived from the Neotethys basin, which lay between the two margins.
South Iberian Margin
The external thrust belt in southern Spain involves sediments deposited on the rifted margin (Subbetic Zone), and in the eastern Betics, it transgresses onto the Iberian platform (Prebetic Zone). A series of normal-fault-bounded blocks and basins developed in the Subbetic Zone (Figure 7 ): These were probably originally discontinuous, and the block and basin margins were likely to have been oblique to the Iberian margin overall, as early Mesozoic rifting involved a substantial component of sinistral shear ). Nevertheless, a rough pattern is generally recognized with high-standing areas in the north (External Subbetic) and the south (Internal Subbetic) separated by a basinal region (Median Subbetic) (García-Hernández et al. 1980) . The high-standing areas are characterized by Jurassic shallow marine carbonate platforms, long periods of emergence during the Late Jurassic and Cretaceous, and Late Cretaceous pelagic limestones. Local Late Jurassic green radiolarian cherts suggest that downfaulted blocks on the margins of the platforms sank below the carbonate compensation depth. The Median Subbetic basins include thick sequences of Cretaceous marlstones and locally organic rich mudstones formed during the mid-Cretaceous anoxic event. These sequences, and the distinctive organicrich shales and radiolarian cherts representing the Late Cretaceous Cenomanian-Turonian boundary anoxic event, may have been deposited below the carbonate compensation depth . Much of the basin fill, however, comprises debris flows, turbidites, and slump-folded sediment derived from the flanking high-standing blocks (Hermes 1978) . These deep marine basins were presumably underlain by thin continental crust: The stratigraphic base invariably comprises Triassic continental clastics and evaporites. The rocks from these different paleogeographic domains are now stacked into a series of thrust slices (e.g., Banks & Warburton 1991 , Blankenship 1992 , Crespo-Blanc & Frizon de Lamotte 2006 , separated by sheets up to 1 km thick of chaotic evaporitic mélange derived exclusively from Triassic sediments (Figure 2b) . The mélanges include blocks of Triassic sedimentary and basaltic rocks in a clay or gypsum matrix as well as foliated gypsum tectonites. The thrust sheets are commonly laterally discontinuous, because of either Mesozoic normal faulting or disruption during Neogene thrusting.
In the central and western Betics, the Subbetic thrust belt progrades into the Guadalquivir flexural basin, the Prebetic disappears beneath the Subbetic, and the External Subbetic Zone becomes progressively less well defined. The Guadalquivir basin is occupied by sediments of late Neogene and younger age and by large masses of Triassic evaporites and mélange derived from the Subbetic (Flinch 1996b) . Thrusting started during the early Miocene (see Figure 8 for a geologic timescale and a time line of tectonic events). In many areas, Burdigalian synorogenic sediments are involved in thrusting (Guerrera et al. 2005) , but evidence has been cited for an initiation of thrusting at the Aquitanian-Burdigalian boundary in the central Betics (Crespo-Blanc 2007) . Shortening continued, apparently continuously, until the end of the Miocene, migrating northwest toward the present thrust front in the Guadalquivir Basin (Berástegui et al. 1998 ).
North African Margin and the Flysch
The thrust belt in the Rif comprises a series of thrust sheets derived from various parts of the original north African passive margin (Wildi 1983 ). In the south, folded and thrusted shallow marine Jurassic carbonates define the Prerif, and these structures underlie much of the foreland basin (the Rharb Basin), which is partly filled with an allochthonous body of deformed Triassic to early Miocene sediments (Prerif nappe) overlain by younger sediments deposited in situ (Figure 2c shallow marine carbonates are followed by Middle to Late Jurassic siliciclastics and Cretaceous shales and marlstones deposited on the continental slope and rise. A number of isolated thrust sheets of similar rocks, probably derived from the Mesorif and Intrarif domains, lie above the Prerif nappe. Distinguished as the Rifean nappes (Figure 2c ), these sheets are discontinuous, and the map pattern suggests they may have been disrupted by extensional deformation within the underlying Prerif nappe (see below).
The Intrarif is structurally overlain by the so-called Flysch nappes, which are traceable across the Strait of Gibraltar into the westernmost Betics. The Flysch nappes are predominantly composed of siliciclastic sequences of Cretaceous to early Miocene age, but they also represent several distinct paleogeographic settings that are stratigraphically and structurally superposed. Early Cretaceous quartz-rich turbidite sandstone-shale sequences represent parts of a deep-sea fan deposited within the Neotethys Basin, and early Miocene quartz arenites of the Numidian Flysch also appear to be part of a widespread turbidite sandstone sequence deposited on the south side of the basin. These quartz-rich sandstones almost certainly have an African provenance, given the predominance of Mesozoic carbonate shelves in Iberia, Adria, and the Alborán Domain. Immature micaceous sandstones of late Oligocene to early Miocene age (Beni Ider Flysch and the equivalent Algeciras Flysch in the westernmost Betics) were probably deposited on the north side of the basin, however, and appear to be trench or foreland basin deposits derived from the Alborán Domain (de Capoa et al. 2007 , Guerrera et al. 2005 , which was undergoing active deformation, metamorphism, and uplift by the end of the Oligocene. The youngest sediments are Burdigalian mélange deposits consisting of blocks of older sediment (particularly the Numidian Flysch) in a matrix of sheared brown shale (Bourgois 1977) . The mélanges are found at the top of the main flysch basins in the Rif and the Gibraltar area, but they also occur locally above the Internal Subbetic and above the Alborán Domain in the northern Rif and the western Betics. It is unclear whether this is a depositional relationship or due to backthrusting (Sanz de Galdeano & Vera 1992) .
The structural and stratigraphic relationships between the Flysch nappes and the Subbetic units in the western Betics remain controversial (for a recent discussion of this problem, see Balanyá et al. 2007 ). The Cretaceous flysch basin is likely to have been continuous with the Median Subbetic , but the main body of the flysch in the Gibraltar area consists of a complex imbricate stack of early Miocene Numidian Flysch (Luján et al. 2006) , which overlies rocks of Internal Subbetic facies. Early Miocene synorogenic sediments can also be traced along the boundary between the Alborán Domain and the Internal Subbetic, and locally lie above the Alborán Domain. The Burdigalian age of the youngest flysch sequences suggests that thrusting in the external Rif and the western Betics started at that time. Thrusting continued until the end of the Miocene in the Rharb Basin (Flinch 1996b ) and ceased at around the same time in the accretionary wedge in the Gulf of Cádiz.
Kinematics of the External Thrust Belt
The thrust belt all around the arc shows evidence for substantial shortening resulting from thinskinned folding and thrusting during the Miocene to form a tapered wedge characteristic of thrust belts and accretionary wedges worldwide. Complications and difficulties in interpretation arise because of (a) the existence of large bodies of rock with a chaotic internal structure; (b) a coupled forethrust-backthrust structure along the internal side of the Subbetic in the eastern Betics ( Figure 2b) ; (c) polyphase deformation, including large-scale fold interference structures (Crespo-Blanc 2007); and (d ) uncertainties in the paleogeographic position, significance, and inter-relationships of some units, most notably the internal Subbetic and the various units in the flysch belt. Parts of the Mesorif and Intrarif show ductile strain and a well-developed slaty cleavage, and in the Temsamane massif (Intrarif), the rocks show low greenschist facies metamorphism, probably of middle Miocene age (Negro et al. 2007 ). Additional complications arise from the suggestions by Crespo-Blanc & Frizon de Lamotte (2006) that parts of the Mesorif show evidence for basement involvement in thrusting and that contractional deformation started during the Eocene. However, the stratigraphic and structural evidence for their suggestions is not sufficiently well documented to be evaluated.
Kinematic analysis and palinspastic reconstruction of the thrust belt provide important information. First, they provide quantitative data on the relative displacement of the Alborán Domain with respect to Africa and Iberia. Second, the variations in the amount and direction of displacement provide information about the internal mechanics of the arc and about the internal deformation of the back-arc region. Such analysis is not straightforward: Paleomagnetic data on vertical-axis rotations from undeformed rock must be integrated with structural data on fault slip directions from the deformed rock separating the thrust sheets. The structural data may or may not need correction for vertical-axis rotation, depending on the timing of rotation relative to the timing of the thrust motion that produces the structures. Thus, the results of such analyses are subject to significant uncertainties.
Paleomagnetic analyses in the external thrust belt indicate variable degrees of clockwise rotation in the Subbetic Zone as well as large counterclockwise rotations in the Mesorif and Prerif (Platt et al. 2003a) (Figure 9) . The magnetic remanences are partly diagenetic in origin, and some samples show two or even three differently oriented remanences of different ages. In some areas, the difference in the orientation of the remanence vector in rocks of Jurassic and Cretaceous age is consistent with the rotation of Iberia during the Cretaceous-this suggests that the remanences from those sites are close to the depositional age of the sediments. The presence of remanences with reversed polarity in some samples is also consistent with a primary origin. Fold and tilt tests confirm that many of the remanences predate folding. Villalaín et al. (1994) , however, found synfolding remanences in some sites: These show variable degrees of rotation and suggest that the rotation was broadly synchronous with folding and thrusting.
In the Subbetic, rotations are variable, but they average around 60 • clockwise. A broad correlation exists between the amount of rotation and the trend of fold hinges: Accordingly, the folds, which now generally trend east to northeast, may have originally trended north-northeast. In some areas, significant differences in the amount of vertical-axis rotation is found between adjacent thrust sheets and even between the normal and inverted limbs of recumbent folds, which suggests that rotation occurred during thrusting and folding (Allerton 1994) . The rotations most likely result from variations in the amount of slip on thrust planes, which can happen at the time thrusts are initiated: If a thrust terminates laterally, the thrust sheet may swing around the termination as it moves. Alternatively, a thrust may be blocked locally by an asperity during displacement, thereby producing the same effect. Overlying thrust sheets that are carried piggyback by the affected thrust will also be rotated. The overall pattern of rotations and thrusting is consistent with dextrally oblique convergence along the Iberian margin. In the external Rif, paleomagnetic analysis is complicated by a widespread synfolding remanence, probably associated with the development of slaty cleavage in the rocks. In contrast to the Subbetic, the available data suggest large but variable counterclockwise rotation, much of which occurred during folding and thrusting (Platt et al. 2003a) .
Measured slip lineations on thrusts and minor contractional faults associated with folds and thrusts show a very wide dispersion around the Betic-Rif arc (Figure 9) . The most striking example of this is the Cazorla arc, a 100-km-scale arcuate structure in the Prebetic (Figure 9 ). The Cazorla arc shows slip vectors swinging from west clockwise to northeast, consistently normal to the trend of the folds and thrust traces around the arc. The pattern is most plausibly related to slip partitioning, and dextral slip on the west-northwest-trending Socovos fault takes up most of the displacement on the eastern flank of the arc. In the Subbetic, slip lineations show some degree of correlation with the amount of vertical-axis rotation, but the slope of the correlation plot is less than 1 (0.71 in the eastern Subbetic, for example). This is consistent with slip on the thrusts being coeval with rotation, so that the lineation data are only partly affected by the vertical-axis rotations. In the western Subbetic, the lineation data show no correlation with rotation, suggesting that the rotations occurred before significant slip had occurred on the thrusts. By using the relationship in each area among the fold trends, the lineation trends, and the vertical-axis rotations, Platt et al. (2003a) determined the original directions of thrusting around Betic-Rif arc (Figure 9 ). These directions show much less dispersion than the measured slip lineations: The mean transport vector varies from 306 ± 13
• in the eastern Subbetic to 295 ± 8 • in the western Subbetic and 235 ± 10
• in the southwestern Rif. These directions are consistent with the orientations of transfer faults that were active during thrusting: The Socovos and Tiscar faults in the eastern Subbetic trend 300
• and 308
• , respectively, and the Jebha and Nekkor faults in the Rif trend 246
• and 228
• , respectively (Figure 9) .
Palinspastic reconstructions of the thrust belt are based on the restoration of structural cross sections. Sections are constructed using surface data, drill holes, seismic profiles, and gravity modeling, and they have to be constructed in the direction of thrust transport. The cross-sectional area is then divided by the integrated stratigraphic thickness of the sequences along the line of each section, which gives the total shortening and, hence, the displacement relative to the foreland. Uncertainties arise from (a) poorly constrained stratigraphic thicknesses, particularly in strongly deformed or deeply buried and inaccessible parts of the section; (b) measurements of the depth to the basal décollement separating the thrust wedge from undeformed crust below, which may be based on seismic profiles or gravity modeling and becomes increasingly uncertain toward the rear of the thrust wedge; and (c) a component of strain or displacement out of the plane of the cross section. The latter is particularly likely in the Betic-Rif arc given the highly oblique convergence on the limbs of the arc and the evidence for vertical-axis rotation. As a result, uncertainties regarding the displacements are large, but they still provide useful information. The palinspastic reconstruction for the early Miocene shown in Figure 10 is based on this approach and suggests that the Alborán Domain has moved approximately 250 km west-northwest relative to Iberia. The difference in the directions of thrusting in the Betic and Rif segments of the external thrust belt is a result of the superposition of Africa-Iberia convergence on this westward motion. The amount and direction of plate convergence during the Neogene are uncertain, but the kinematic data from the thrust belt place some useful constraints on the relative amounts of Africa-Iberia convergence and westward Alborán motion, which can be visualized from the vector diagram in Figure 9 . If P and B are Africa-Iberia and Alborán-Iberia convergence, respectively, for the past 18 Ma and β and γ are angles as shown in Figure 9 , then B/P = sinγ/sinβ. The observed angles are approximately 60
• and 75
• . Even allowing for the large uncertainties, this requires P and B to be of comparable magnitude. Estimates for Africa-Iberia convergence are of the order of 200 km for the past 20 Ma, and Alborán-Iberia relative motion in the same time span should not be much greater. An animation of Alborán-Africa-Iberia relative motion over the past 20 Ma is included in the Supplemental Material (follow the Supplemental Materials link from the Annual Reviews home page at http://www.annualreviews.org).
Many reconstructions of the large-scale tectonics of the region suggest a significantly larger westward displacement of the Alborán Domain. On the basis of inferences from tomography regarding the amount of subducted lithosphere, Spakman & Wortel (2004) , for example, suggest 700 km of westward migration of the Betic-Rif arc over the past 15 Ma. This amount of Neogene displacement is very difficult to reconcile with the structural evidence from the arc, as discussed above. Also on the basis of tomography, Faccenna et al. (2004) suggested approximately 400 km of westward displacement since the Eocene. Their estimate is not in conflict with the structural data because the latter refer only to displacements for the past approximately 20 Ma, when shortening in the external thrust belt began. Surface geology provides us no way of estimating the motion of the Alborán Domain before this time. A speculative reconstruction of the Alborán Domain at ∼30 Mya is shown in Figure 11 .
INTERNAL-EXTERNAL ZONE BOUNDARY
The Internal-External Zone Boundary (IEZB) separates the Alborán Domain from the external thrust belt (Figure 9 ) and is arguably the most important tectonic boundary in the system. It was mainly active during Burdigalian time. During that time, the IEZB accommodated the westward motion of the Alborán Domain and emplaced it onto the Iberian margin to the north and onto the flysch basin to the west and south. During the middle to late Miocene, further westward motion was accommodated on thrusts within the external thrust belt.
Although the IEZB commonly appears as a discrete fault, it is a series of linked structures with different characteristics, and in places, it has been cut or reactivated by later structures. In the eastern and central Betics, its surface expression is a gently north-dipping backthrust, emplacing rocks of the Internal Subbetic southeast onto the Maláguide Complex ).
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Platt et al. Late Burdigalian to Langhian sediments onlap the thrust, demonstrating that the contact became inactive at the end of the early Miocene. In the central Betics, Serravallian sediments are involved in the backthrusting, indicating that activity continued on the contact until the middle Miocene (Martín-Algarra et al. 1988) . The tip of the Alborán wedge, where the backthrust meets the underlying forethrust, probably reaches the early Miocene ground surface beneath the Granada Basin; from that point west, the IEZB is a west-northwest-directed forethrust. Parts of the IEZB in the Betics have been cut by strike-slip shear zones, including the dextral Socovos fault, the reverse-sinistral Crevillente fault, and the area northwest of Málaga where the IEZB has been stretched and reoriented by a zone of dextral shear (Balanyá et al. 2007 ).
In the northern Rif, the IEZB consistently places rocks of the Alborán Domain westward over the flysch units, but to the south, the IEZB is offset by the west-southwest-trending Jebha fault (Figure 6 ). This is a sinistral fault with at least 50-km displacement at the coast (Olivier 1981) , but it dies out to the west as it transfers displacement onto the IEZB. In the southern Rif, the IEZB appears intermittently along the coast, but its position is locally uncertain: Greenschist facies metamorphic rocks near Melilla are variously attributed to the Sebtides (Alborán Domain) or to the Temsamane massif (Intrarif) (e.g., Negro et al. 2007) . 
THE ALBORÁN DOMAIN
The Alborán Domain can be thought of in three different ways. First, it is largely made up of rocks that represent paleogeographic realms distinct from those that make up the external thrust belt and are of uncertain provenance. In this sense, it can be regarded as an exotic or suspect terrain. Second, much of it was formed during a subduction-accretion event in the Paleogene (Figure 11) , making it distinct from the external thrust belt. Finally, it acted as the hinterland during the Neogene creation of the external thrust belt, and its westward motion seems to have been responsible for the formation of the arcuate system. Several major tectonic complexes are recognized as making up the Alborán Domain. These complexes are distinguished by their stratigraphy, degree of metamorphism, and structural position (Figures 2d and 12) . The structurally highest is the Maláguide Complex (in the Betics) and the equivalent Ghomaride Complex in the Rif, which comprise a series of thrust sheets of largely unmetamorphosed Paleozoic to Paleogene rocks. This overlies the Alpujárride Complex (in the Betics) and the equivalent Sebtide Complex in the Rif, which are made up of Paleozoic and Triassic sediments, strongly deformed and metamorphosed in the Eocene to early Miocene. The peridotite bodies of the Ronda and Beni Bousera massifs are traditionally included in the Alpujárride Complex, but they are reviewed separately here. In the central and eastern Betics, the Alpujárride Complex overlies the Nevado-Filábride Complex (NFC), comprising Paleozoic and Mesozoic sediments and igneous assemblages with a history of high-pressure metamorphism and deformation that continued into the middle Miocene. In addition to these three complexes, a stack of thrust sheets of largely unmetamorphosed Mesozoic carbonate rocks known as the Dorsale Calcaire delineates the margin of the Alborán Domain from the southern Rif around the arc into the western Betics.
Maláguide/Ghomaride Complex
The Maláguide/Ghomaride Complex is of particular interest because it includes the most complete and tectonically least disturbed stratigraphic sections in the Alborán Domain. As such, it provides crucial information on the timing and nature of tectonic events. It includes a sequence of marine Silurian to Carboniferous rocks broadly similar to coeval rocks on the Iberian and north African platforms. The Paleozoic rocks have experienced Variscan folding that produced a slaty cleavage. They are overlain by nonmarine red beds, evaporites, and dolostones of presumed Late Permian to Triassic age; Early Jurassic platform carbonates; thin or absent Cretaceous marlstones; and a shallow marine, partly detrital, Paleocene to Eocene succession. A striking aspect of this stratigraphic sequence is that it shows no indication of Mesozoic crustal thinning: It was apparently deposited in a continental platform setting. This raises interesting questions about the fate of the crustal underpinnings of the complex, which are largely missing from the present-day thrust stack. The Maláguide of the Sierra Espuña, in the eastern Betics, exposes a sequence of Oligocene pebble and boulder conglomerates more than 700 m thick (Martín-Martín et al. 1996 ) that lie unconformably over four successive thrust sheets of the Maláguide Complex (Lonergan 1993) . The conglomerates are overlain by late Oligocene to early Miocene turbidites of the foreland basin, which have in turn been involved in thrusting and folding. The field relationships indicate that contractional deformation in the Alborán Domain started in this area during the early Oligocene, continuing episodically until the early Miocene. The turbidite succession yields a detrital mineral assemblage that includes metamorphic minerals characteristic of the underlying Alpujárride Complex, indicating progressive unroofing (Lonergan & Mange-Rajetsky 1994) . It passes up into an early to middle Miocene succession that onlaps the internal margin of the Subbetic, thereby constraining the end of activity on the boundary thrust between the Alborán Domain and the internal Subbetic to the end of the Burdigalian (16 Ma old) .
A distinctive feature of the Maláguide Complex in the region of Málaga is the presence of abundant dikes of quartz tholeiitic composition. Extensive low-grade metamorphism has made dating these dikes very difficult. Published Ar-Ar ages range from 18 to 37 Ma: The youngest ages are similar to cooling ages from the surrounding rocks (Duggen et al. 2004 ). Paleomagnetic results from the dikes suggest that this part of the Maláguide Complex has been rotated approximately 134 ± 10
• clockwise around a vertical axis and tilted 35
• around an axis normal to the dikes (Platzman et al. 2000) . Similar dikes cut the uppermost Alpujárride unit in the Málaga area, and they cut both Alpujárride and Maláguide rocks in the eastern Betics, where the paleomagnetic data indicate approximately 30
• of clockwise rotation (Platzman & Platt 2004 ).
Alpujárride/Sebtide Complex
The Alpujárride/Sebtide Complex makes up the bulk of the Alborán Domain, including part of the floor of the Alborán Sea (Comas et al. 1999 ). Its history is crucial to our understanding of the tectonic evolution of this hinterland terrane and its interaction with the Betic-Rif arc. It is most clearly characterized by its complex metamorphic history, involving early high-pressurelow-temperature (HP-LT) metamorphism associated with subduction and accretion, followed by an evolution to low pressures and locally very high temperatures. The rocks involved comprise graphitic mica schists of assumed Paleozoic age, Permo-Triassic phyllites and quartzites derived from continental clastics, and a thick sequence of massive Late Triassic dolostones. No younger stratigraphic units have been identified. Most of these rocks show intense ductile deformation, with multiple phases of tight to isoclinal folds and related cleavages. Early work on the Alpujárride Complex identified major repetitions of the stratigraphy, which were used to establish a series of thrust sheets or nappes. The stratigraphic repetitions reflect a stage of contractional tectonics, but the contacts are now generally considered to have been cut or reactivated by low-angle normal faults or normal-sense ductile shear zones . Pressure-temperature (PT) paths of metamorphism vary dramatically both vertically and horizontally within the complex as a whole, reflecting the complexity of its tectonic history, which has led to considerable controversy about the sequence and timing of events (Balanyá et al. 1997 . However, researchers are in general agreement regarding the following aspects of the history of the Alpujárride Complex:
1. An early contractional stage of deformation was accompanied by HP-LT metamorphism, which produced assemblages including carpholite and chloritoid, and garnet, kyanite, and staurolite at higher grades, in aluminous pelites . Peak pressures are estimated at approximately 1,100 MPa (Figure 13a ) and are thought to have resulted from a . The higher temperature rocks reach peak temperature at shallow depths, suggesting significant heat input during decompression. (b) Schematic PT paths for the different zones in the Ronda peridotite: (1) garnet spinel mylonites, (2) spinel tectonites, (3) granular spinel peridotite, and (4) plagioclase peridotite. Starting point for the paths is based on porphyroclastic garnet peridotite assemblages in zone 1, assumed to have formed after rifting during the Jurassic. This was followed by isobaric cooling and then by decompression accompanied by heating in the early Miocene. Balanyá et al. 1993) . Extension may have proceeded in a number of stages, possibly starting at some time in the Paleogene, and culminated in widespread slip on low-angle brittle normal faults during the early Miocene (Crespo-Blanc 1995). 3. Decompression, either isothermal or accompanied by some increase in temperature, was associated with extension and resulted in localized metamorphism that produced assemblages including andalusite or sillimanite, and the breakdown of early-formed minerals (García-Casco & Torres-Roldán 1996). Metamorphism locally reached high grade with the breakdown of muscovite and the initiation of partial melting (Argles et al. 1999 , García-Casco et al. 1993 ). This event produced the widespread differentiated foliation found in the medium-to high-grade schists. Metamorphic zircon from the highest-grade rocks gives U-Pb ages of 21-23 Ma, and Ar-Ar and fission-track data suggest rapid cooling in the interval of 20-18 Mya (Monié et al. 1994 , Platt et al. 2003c , Sosson et al. 1998 ). 4. Late folding, accompanied or followed by displacement on low-angle faults, resulted in the emplacement of higher-grade rocks above lower-grade rocks, particularly along the southern coastal belt (Azañón et al. 1996) . This event has been attributed variously to a late stage of contraction, restacking rocks that had already been exhumed (Balanyá et al. 1997) , or a phase of large-scale recumbent folding associated with low-angle normal faults formed during the early Miocene extensional event (Orozco et al. 1998 ). Small-scale, mainly north-asymmetric folds and a strong crenulation cleavage accompany these structures.
A distinctive feature of the Alpujárride/Sebtide Complex is the presence of condensed metamorphic sequences showing apparent, very steep, downward temperature gradients (Figure 2d) . This results from some combination of vertical ductile thinning and excision along low-angle normal faults or ductile shear zones. The most spectacular examples are found in the crustal envelopes above the peridotite massifs in both the Betics and the Rif (see below), but examples are also found in the eastern Betics (e.g., Platt et al. 2005) and in the coastal region west of Málaga (Azañón & Crespo-Blanc 2000) . In several areas, the low-grade phyllites at the top of these condensed sequences are directly overlain by unmetamorphosed Maláguide/Ghomaride rocks along an early Miocene detachment fault with mylonitic rocks in the footwall and brittle fault gouge in the hanging wall (Aldaya et al. 1991 , Lonergan & Platt 1995 , Tubía et al. 1993 ). Thus, the Maláguide/Ghomaride and Alpujárride/Sebtide complexes are likely the strongly thinned remnants of an original thrust stack or accretionary complex, of which the Maláguide/Ghomaride Complex is simply the uppermost and least metamorphosed part.
The metamorphic and tectonic evolution of the Alpujárride/Sebtide Complex presents several intriguing and puzzling aspects:
1. The lowest-grade rocks are found both near the top of the Complex (beneath the contact with the overlying Maláguide/Ghomaride Complex) and in an apparently low structural position (above the contact with the underlying NFC), for example, around the western end of the Sierra Nevada. These relationships form part of the evidence for a late-stage inversion of the metamorphic sequence. The lowest-grade rocks also preserve evidence of early HP-LT metamorphism, which suggests that they were exhumed before the thermal event that affected much of the rest of the complex.
2. The widespread medium P/T ratio (Barrovian) metamorphism, represented by garnetstaurolite-kyanite assemblages, requires some degree of thermal relaxation after the HP-LT event, but the timing of this process is poorly constrained, except that it predates the attainment of peak temperatures in the early Miocene. 3. The appearance of sillimanite, breakdown of muscovite, and partial melting all require significant heat input, and the thermal maximum is well dated by the development of metamorphic zircon in the highest-grade rocks, which give early Miocene ages. The timing of heating relative to exhumation is less clear, however: The thermal peak may have been reached quite late on the exhumation path, particularly around the peridotite massifs (Argles et al. 1999 , Platt et al. 2003b ) and in the Alborán Sea drill core . In other areas, the exhumation path has been interpreted as isothermal (e.g., Azañón et al. 1998 , García-Casco & Torres-Roldán 1996 , implying that heating predated exhumation. Some of the documented decompression paths bring rocks at ∼600
• C to depths of <15 km, which require either exceptionally fast rates of exhumation or some heat input during the exhumation process (Figure 13a ). The precise timing of heat input has considerable significance for geodynamic models, which vary in terms of their predictions of the thermal structure during exhumation (Platt et al. , 2003b . 4. Growth of the low-pressure mineral andalusite appears to have been coeval with largescale recumbent folding along the southern margin of the Betic Cordillera, suggesting that folding occurred during decompression. This poses interesting problems for interpreting the folding event. One possibility is that the folds and associated foliations represent the results of vertical thinning and north-or northeast-directed shear of a tectonic complex in which the pre-existing layering and structure dipped north, so that they lay in the shortening sector of the strain-rate field (Orozco & Alonso-Chaves 2012 , Orozco et al. 1998 ).
Very little information is available to indicate the polarity or the direction of subduction during the early contractional event. This is because of the intense tectonic overprinting produced by the later history of deformation and exhumation. The strong foliation in the schists, however, commonly carries a north to east-northeast-trending lineation (e.g., Rossetti et al. 2005) , interpreted as indicating the direction of extension during exhumation (Figure 12) . Sense of shear indicators in high-strain rocks along the detachment faults within the Alpujárride, and along the boundary with the Maláguide complex, suggest top east-by-northeast shear, although paleomagnetic evidence suggests that the original shear direction may have been roughly north by northeast (Platzman & Platt 2004 ). The late north-vergent folding was associated with or followed by northward displacement on low-angle normal faults (Crespo-Blanc 1995); some of these faults bound sedimentary basins of Burdigalian to Langhian age (Mayoral et al. 1994) .
Orogenic Peridotites and Their Crustal Envelopes
The peridotite massifs occur as slices several kilometers thick tectonically interleaved with high-grade metamorphic rocks that are generally ascribed to the Alpujárride/Sebtide Complex. The timing of emplacement is debated, however, and the peridotites, together with their crustal envelopes, are such a significant feature of the region that they deserve to be considered separately. They occur as four separate bodies: three in the western Betics near the city of Ronda and one (Beni Bousera) in the Rif (Figure 12) . They are mainly foliated spinel-bearing lherzolites and harzburgites, with abundant pyroxenite layers, which are generally concordant with the foliation in the surrounding rocks. Graphite pseudomorphs after diamond in some of the pyroxenite layers indicate that the peridotite has at some stage of its history been at depths greater than 150 km (Davies et al. 1993 and deformational fabric (Obata 1980) , which is developed most completely in the largest body (Sierra Bermeja). The zonation is described here from the structural top of the peridotite downward. An ∼500-m-thick zone of mylonitic spinel peridotite, with spectacular ribbon orthopyroxene crystals produced by plastic deformation and an ∼100-μm matrix of dynamically recrystallized olivine, follows the upper boundary of the peridotite bodies (Precigout & Gueydan 2009 , Van der Wal & Vissers 1996 . The stretched orthopyroxenes define a lineation that trends north or northeast in the Sierra Bermeja, east by northeast in the Sierra Alpujata, and north by northwest in the Beni Bousera. There is some uncertainty about the shear sense, however: Tubía (1994) states that the mylonites at the top of the Alpujata massif show a top east-by-northeast sense, Van der Wal & Vissers (1996) state that the sense is sinistral (top south by southwest) in the Sierra Bermeja, and Reuber et al. (1982) indicate that the shear sense is north by northwest in the Beni Bousera. The mylonites contain abundant porphyroclasts up to 1 cm across of garnet and garnet-bearing aggregates. Some of these porphyroclasts are the remains of intensely thinned and disrupted garnet-bearing pyroxenite layers, some appear to be relics of a premylonitic garnet peridotite assemblage, and some others preserve intergrown garnet and spinel, suggesting that they equilibrated on or close to the garnet-spinel phase transition in peridotites. Thermobarometry on these porphyroclast assemblages indicate PT conditions of 2.4-2.7 GPa, 1,020-1,100
• C for the garnet peridotite assemblage (Garrido et al. 2011 ) and 1.8 ± 0.1 GPa, 900 ± 25
• C for the garnet-spinel assemblage. By contrast, the neoblast assemblage in the mylonite equilibrated in the spinel peridotite stability field (0.8-1.8 GPa) at a temperature of 825 ± 25
• C (K. Johanesen, J.P. Platt & M. Kaplan, submitted manuscript) (Figure 13b) .
The marginal mylonites pass abruptly and locally discordantly down into foliated coarsegrained spinel peridotites with layers of garnet pyroxenite. The coarse-grained pyroxene in the peridotites indicates temperatures of 1,110 ± 65
• C (Van der Wal & Vissers 1993), whereas dynamically recrystallized neoblasts were re-equilibrated at temperatures of 800-900
• C, consistent with the conditions of deformation in the marginal mylonites. The foliated spinel peridotites pass downward in turn through a transitional boundary into coarse-grained unfoliated granular spinel peridotites. These show extensive evidence for melt percolation in the form of dunite and harzburgite layers created by melt scavenging (Soustelle et al. 2009 , Van der Wal & Bodinier 1996 , Cr-rich pyroxenite layers formed by reacting with late-stage melts (Garrido & Bodinier 1999) , and microstructures indicating the partial consumption of pyroxene by percolating melt. These processes occurred at temperatures of approximately 1,200
• C (Lenoir et al. 2001 ). Van der Wal & Bodinier (1996) considered the boundary between the two zones an annealing and recrystallization front, where the previously deformed spinel tectonites lost their deformational microstructure as a result of the melt percolation and heating event. K. Johanesen, J.P. Platt & M. Kaplan (submitted manuscript), however, showed that the deformation is superimposed on the melt-generated microstructures, and Soustelle et al. (2009) documented geochemical effects of melt-generated refertilization for some distance above the deformation front.
The structurally deepest part of the Sierra Bermeja massif consists of variably deformed peridotites in which the spinel has been partly replaced by plagioclase, indicating decompression into the plagioclase peridotite stability field. A weak deformational fabric is developed at a high angle to the pyroxenite layering (Van der Wal & Vissers 1996) , and there are discrete layers of mylonite.
The Ronda peridotites now form a south-dipping tectonic sheet estimated at a few kilometers in thickness and partly disrupted by tectonic processes. A strong Bouguer gravity anomaly indicates that this sheet may be connected to a larger body offshore (Torné et al. 1992) . The base of the Beni Bousera peridotite is not seen, but its gravity signal is closely comparable with that of the Ronda, so they likely have much the same geometry. The layering and main foliation within the bodies is highly discordant to the boundaries of these sheets, and in the Ronda and Carratraca peridotites, the foliation dips steeply north to northwest (Figure 14) . The peridotites are overlain structurally by a highly condensed sequence of metamorphic rocks of typical Alpujárride/Sebtide aspect; in turn, these are overlain by rocks of the Maláguide/Ghomaride Complex. The metamorphic sequence is zoned, and the layering and metamorphic zonation are broadly concordant with the layering in the peridotites (Figure 14) . In the Ronda area, the sequence comprises, from top to bottom, unmetamorphosed rocks of the Maláguide Complex; Alpujárride phyllites and quartzites with relict HP-LT assemblages followed by late andalusite; graphitic mica schists with early garnet, staurolite, and kyanite as well as synkinematic sillimanite and late andalusite; sillimanite-bearing gneiss; migmatitic gneiss; and garnet-rich gneiss along the contact with the peridotite. A very similar zoned sequence has been described from above the Beni Bousera massif (Bouybaouène et al. 1998) . The garnet gneiss is the only component of this sequence that does not appear elsewhere in the Alpujárride Complex and is unique to the upper margins of the peridotite bodies. It appears to be a restite from partial melting of aluminous sediments, with up to 50% coarse-grained garnet, abundant sillimanite, and biotite in a quartzofeldspathic matrix. Kyanite is locally abundant in the process of breaking down to sillimanite, and together with rutile, it is also preserved as inclusions in garnet cores. Garnet rims have inclusions of sillimanite and ilmenite, and the outermost rim is commonly broken down to a symplectite of cordierite and spinel. Thermobarometry on these rocks is difficult because the major elements in the garnets have been diffusionally homogenized, and the assemblages in the matrix are in strong textural disequilibrium because of decompression at high temperature. Peak PT conditions have been variously estimated at 1.2-1.5 GPa, 750-800
• C (Argles et al. 1999 , Bouybaouène et al. 1998 , Tubía 1994 . These conditions are broadly consistent with those estimated from the marginal peridotite mylonites. In some places, the two rock units are also in contact without evidence for significant later disturbance, thereby supporting the idea that the mylonites formed during emplacement of the peridotites at a depth of approximately 50 km at the base of the Alborán crust. Accordingly, in view of the large pressure difference between the main body of the peridotite and the crustal rocks, the peridotite mylonites may have formed in a normal-sense shear zone that assisted in the exhumation of the peridotite body as far as the base of the crust.
The metamorphic relationships have been interpreted to indicate that an original metamorphic sequence, representing a thermal gradient of ∼14
• C km −1 , occupied the entire orogenic crust. This sequence was subsequently rapidly thinned, producing roughly isothermal decompression and partial re-equilibration of the metamorphic assemblages (Platt et al. 2003b ). The entire zoned sequence is between 5 and 8 km thick and represents an original crustal section at least 50 km thick, requiring thinning by a factor of approximately 10. Therefore, this thinning is likely to be associated with the exhumation of the peridotites from the base of the crust to the surface.
The lower boundary of the Ronda peridotites is equally remarkable. The peridotites rest on a sequence of high-grade schist, marble, and granitic gneiss, with a layer several tens to 100 m thick of migmatitic breccia along the contact (Figure 14) . The migmatite consists of irregular and commonly angular fragments of schist, gneiss, vein quartz, and peridotite in a granitic matrix. Ductile strain varies from zero to intense, and laminated mylonites showing a top east-by-northeast shear sense are developed locally at the expense of the granitic rock (Esteban et al. 2008) . The migmatite and schists have dominantly HT-LP mineral assemblages including cordierite, sillimanite, and andalusite, but a mafic body enclosed in the underlying rocks has relict eclogite facies assemblages (Tubía et al. 1997) . The field relationships seem to indicate emplacement of the peridotite into the continental crust at shallow levels and at a temperature high enough to cause partial melting of the underlying rocks.
The affinities of the crustal rocks below the peridotite are uncertain: Traditionally, they have been assigned to the Alpujárride Complex, but their structural position suggests that they may represent part of the southern margin of Iberia. The eclogite body found in these rocks has yielded U-Pb zircon ages indicating a Jurassic protolith (Sánchez-Rodríguez & Gebauer 2000) and zircon rims indicating early Miocene high-temperature metamorphism, but the high-pressure event remains undated.
The timing of emplacement of the peridotite massifs into the crust of the Alborán Domain continues to be debated: The main contenders are the late Paleozoic and the Oligo-Miocene boundary. Osmium isotope systematics suggests that the peridotite bodies have been isolated from the convecting mantle for 1.36 Ga (Reisberg & Lorand 1995) , which confirms that they are fragments of the continental mantle lithosphere and are not ophiolitic in origin. U-Pb zircon ages on zircons recovered from the garnet pyroxenite layers suggest that they may have been emplaced as basaltic melts during the Jurassic (Sánchez-Rodríguez & Gebauer 2000), perhaps as a result of Mesozoic rifting. However, these zircons have metamorphic rims dated at 19.9 ± 1.7 Mya, which coincides with the early Miocene ages obtained from the high-grade crustal rocks above and below the peridotites (see below).
A Paleozoic age for the emplacement of the peridotites is based on the Variscan ages of zircons and monazite in the garnet gneisses above the Beni Bousera massif (Montel et al. 1995 , Rossetti et al. 2010 ) and on the similarities of these rocks to Variscan granulite facies gneisses elsewhere in Europe. The field relationships summarized above, however, suggest that peridotite emplacement is related to the dramatic thinning of the overlying crustal rocks, which brought them from mantle depths to within a few kilometers of the surface. The formation of the low-pressure migmatite
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• C) at shallow crustal levels. Sánchez-Rodríguez (1998), Platt et al. (2003c) , Rossetti et al. (2010) , and Esteban et al. (2010) have obtained a large number of U-Pb zircon ages from the crustal envelope, which help constrain the thermal and tectonic history of the peridotites as well as the surrounding crustal rocks. The zircon populations from the rocks overlying the peridotites as well as those beneath include (a) inherited zircons with ages ranging well back into the Precambrian; (b) magmatically zoned zircons with ages in the 280-330-Ma range, which are likely to be related to Variscan magmatism or partial melting; and (c) distinctive equant structureless or sector-zoned zircons as well as rims on older grains, which yield early Miocene ages in the 20-23-Ma range. The Variscan zircons have been cited as evidence that the high-grade metamorphism in the garnet gneisses is Variscan, and they certainly suggest that granitic melt was present at that time. Whitehouse & Platt (2003) , however, showed that zircons included in garnets from the garnet gneiss have early Miocene rims and grew in equilibrium with the garnet. Thus, at least the later stages of garnet growth in these rocks, in equilibrium with sillimanite and a melt phase, took place in the early Miocene. The lack of significant difference in age between the zircons from the garnet gneisses above the peridotites and those in the migmatites below them suggests that the emplacement of the peridotites into the crust and their subsequent exhumation were both accomplished within a short period of time in the early Miocene.
The Miocene U-Pb zircon ages cannot be interpreted as cooling ages produced by a late thermal event unrelated to the high-grade metamorphism, as suggested by Rossetti et al. (2010) . Zircon can undergo some diffusive Pb loss, but the isotopic system as a whole does not become open to diffusion under crustal conditions, as demonstrated by the widespread preservation in these rocks of Precambrian and Paleozoic zircons, including pristine Variscan magmatic grains. The Miocene zircons discussed above grew as a result of the dissolution of older zircons at around peak temperature conditions and in association with partial melting.
Ar-Ar cooling ages from the crustal envelope cluster closely in the 19-20-Ma range (Sosson et al. 1998) , and zircon fission-track cooling ages are in the 18-20-Ma range (Platt et al. 2003b) , indicating that the rocks reached shallow crustal levels and had cooled below 300
• C by 18 Mya. These cooling ages are identical to those obtained from the higher-grade rocks in the Alpujárride/Sebtide Complex elsewhere (see above), which suggests that the process of emplacement and exhumation of the peridotite massifs was closely linked to the early Miocene exhumation and thermal event that affected the entire Alborán Domain.
Suggested emplacement mechanisms for the peridotites include mantle diapirism at various scales (e.g., Loomis 1972 , Tubía et al. 2004 , but this hypothesis is countered by the fact that, even at asthenospheric temperatures, peridotite is denser than nearly all crustal rocks. The close association in time of peridotite emplacement and the initiation of the dramatic crustal extension that created the Alborán Sea basin suggest a causal link, but this does not explain the emplacement of the peridotite bodies into the crust. Some possible explanations are as follows:
1. Exhumation may have occurred at some time before the Neogene (possibly in Variscan times) and was followed by thrust emplacement during Paleogene contractional deformation in the Alborán Domain (Balanyá et al. 1993 , Bouybaouène et al. 1998 ). However, this explanation appears to be in conflict with the geochronology discussed above.
2. Exhumation may have occurred by extension on the margins of the Alborán Domain. Collision with the Iberian margin then immediately followed to form the external thrust belt. In this explanation, the basal contact is the most hindward thrust in the thrust belt.
However, the observed northeast sense of motion on this contact is not consistent with the northwest direction of thrusting in the thrust belt. 3. After initial exhumation to relatively shallow levels, a low-angle normal fault may have cut into the adjacent thick orogenic crust of the Alborán Domain and brought lower to middle crustal rocks up beneath the peridotite (Platt et al. 2003b) . In this explanation, the basal contact is a low-angle normal-sense shear zone, and the northeast sense of motion on this contact is consistent with that on normal-sense shear zones elsewhere in the Alborán Domain.
Nevado-Filábride Complex
The NFC is the structurally deepest and most recently exhumed tectonic complex in the Alborán Domain. Surrounded by the overlying Alpujárride Complex, it is exposed only in the central and eastern Betic Cordillera, where it forms broad east-west-trending antiformal mountain ranges with Nevado-Filábride rocks in the cores (Figure 12) . The two complexes are separated everywhere by a well-developed west-directed brittle detachment fault underlain by an irregularly developed zone of mylonitic schist and ultramylonite (Behr & Platt 2012 , Jabaloy et al. 1993 , Platt & Behrmann 1986 ). The NFC is usually divided into three main tectonic units (Martínez-Martínez et al. 2002) : From bottom to top, they are the Ragua unit consisting entirely of graphitic mica-schist and quartzite of pre-Triassic age measuring several kilometers in thickness; the Calar Alto unit, which also includes light-colored schists and quartzites of probable Permo-Triassic age, overlain by brecciated dolostones probably of Late Triassic age; and the Bedar-Macael unit, which comprises several thrust sheets and fold nappes composed of Paleozoic schists, Permian metagranites, Mesozoic schists, and carbonate rocks. A discontinuous set of lenses and pods of metabasic and metaultramafic rocks occurs along or close to the contact between the upper two units: These have been interpreted as the disrupted and metamorphosed remains of an ophiolite sequence (Puga et al. 1989) .
The NFC shows evidence of a complex metamorphic history involving early HP-LT metamorphism followed by decompression, but PT conditions vary through the sequence. The dominant metamorphic assemblages in metasedimentary rocks were apparently formed during intense deformation on the decompression path, and they substantially overprint evidence of the early stages of the metamorphic history. The Ragua unit exhibits dominantly midgreenschist facies assemblages. Augier et al. (2005b) used Raman spectroscopy of carbonaceous material to determine peak temperatures and thermobarometry using phengite-chlorite assemblages in conjunction with chloritoid and garnet. Their results suggest peak pressure of approximately 1.4 GPa, 400
• C, followed by heating and decompression to 0.3 GPa, 500
• C. The high Si content of the white mica in this unit (up to 3.5 per formula unit) does indeed suggest early HP-LT conditions, but the results quoted above need to be viewed with some caution. The peak pressure conditions are well within the stability field of blueschist facies mineral assemblages, and the end point of their decompression path lies in the stability field of andalusite, neither of which have been reported. Possible reasons for the apparent discrepancy between their suggested PT path and the observed mineral assemblages are (a) problems with the calibration of the thermobarometers, (b) lack of equilibrium among the minerals used for thermobarometry, and (c) lack of correction for Fe 3+ . The Calar Alto unit shows upper greenschist facies mineral assemblages. Augier et al. (2005b) suggested an average peak metamorphic temperature of 530
• C (slightly higher than in the Ragua unit) based on results using Raman spectroscopy of carbonaceous material and peak pressure of 1.4 GPa based on the assemblage chloritoid-phengite-rutile-garnet. The Bedar-Macael unit shows predominantly albite-epidote amphibolite to amphibolite facies assemblages in metapelitic rocks.
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Platt et al. (1) Vissers et al. (1995) , (2) Bakker et al. (1989) , (3) Gómez-Pugnaire & Fernández-Soler (1987) , (4) It also exhibits the clearest evidence for an early HP-LT metamorphic event, mainly reflected by eclogite facies assemblages in metabasic lenses. Estimates of PT conditions in the eclogites range from 1.2 GPa, 480
• C in the eastern Sierra de los Filábres to 2.2 GPa, 650
• C from kyanite eclogites in the western Sierra Nevada (Bakker et al. 1989 , Puga et al. 1999 . Although uncertainties regarding these determinations are significant, an overall east to west gradient in pressure seems likely at this stage within the rocks currently exposed at the surface (Figure 2d) . Conditions during the main phase of recrystallization in the Bedar-Macael unit are estimated to have been in the range of 0.8-1.2 GPa kbar, 530-580
• C (Bakker et al. 1989 ). The shapes of exhumation paths proposed for the NFC vary substantially, ranging from nearly linear cooling (Behr & Platt 2012 , de Jong 2003 , isothermal decompression (Augier et al. 2005a) , slight heating (Gómez-Pugnaire & Fernández-Soler 1987) , to reheating during decompression (Bakker et al. 1989) . In several cases, the proposed PT paths pass into the andalusite or sillimanite stability fields (Figure 15) . The only Alpine-age aluminosilicate recorded from the NFC is kyanite, which is widespread, so some of the published PT paths may overestimate the temperature during the later stages of exhumation.
The NFC has traditionally been regarded as an integral part of the Alborán Domain, with a deformational and metamorphic history that started in Late Cretaceous or early Paleogene time and was closely linked to that of the Alpujárride Complex. Recent geochronological results challenge this idea, however. Lu-Hf ages of 16-18 Ma from prograde garnets in eclogites (Platt et al. 2006 ) as well as U-Pb ages of 15-17 Ma on metamorphic zircons (Gomez-Pugnaire et al. 2012 , Sánchez-Vizcaíno et al. 2001 suggest an early to middle Miocene age for the up-pressure and up-temperature parts of the PT path, respectively. Ar-Ar ages from amphibole and white mica, however, range from 10 to 75 Ma (Augier et al. 2005a , Monié et al. 1991 , Platt et al. 2006 ) and have been interpreted as recording sequential recrystallization of white mica during subduction and progressive exhumation (Augier et al. 2005a ). An alternative explanation is that the Ar-Ar ages reflect variable degrees of inherited or excess Ar (de Jong 2003) , which is common in old metamorphic rocks metamorphosed under HP-LT conditions (Kelley 2002) . Emerging evidence suggests the NFC and the Alpujárride/Sebtide Complex differ substantially in their metamorphic evolution. An early Miocene age for subduction, as suggested by the Lu-Hf ages, helps explain why the NFC did not experience the same decompressional heating as did the Alpujárride/Sebtide Complex. Behr & Platt (2012) have proposed a revised PT path for the NFC. This path involves cooling during exhumation, which keeps the path within the stability field of kyanite (Figure 15) . Behr & Platt (2012) further suggested that early Miocene subduction and the main stage of exhumation of the NFC took place in a subduction channel in which the rocks were initially heated from above by the hot mantle beneath the thinned Alborán Domain and were cooled from below by continuing subduction.
The present-day structure of the NFC resembles that of a metamorphic core complex. It is separated from the overlying Alpujárride Complex by a major detachment fault with brittle fault rocks in the hanging wall and mylonitic rocks in the footwall (Vissers et al. 1995) . Although somewhat variable, the direction of the motion, on average, is top-west directed ( Jabaloy et al. 1993) . Fission track data suggest that the detachment was responsible for the final stages of exhumation between 12 and 8 Mya ( Johnson et al. 1997) . The geometry and kinematics of the detachment have recently been interpreted in terms of a simple low-angle normal fault that exhumed the underlying rocks (Martínez-Martínez et al. 2004) . No rocks or structures can be correlated from hanging wall to footwall, however; no breakaway structure has been identified where the normal fault cuts down from the surface through the hanging-wall rocks; and the very large scale of the structure seems to require unrealistically large displacements (∼180 km). An alternative possibility is that the detachment marks a discontinuity between rock bodies that were extended by different mechanisms. In the Alpujárride rocks of the hanging wall, this extension took place by brittle normal faulting, whereas in the footwall, the NFC was extended by late-stage ductile deformation along discrete zones of mylonite and ultramylonite. Southwest-directed brittle extension in both footwall and hanging wall continued after motion on the detachment had ceased.
Dorsale Calcaire and Related Units
A substantial part of the Internal Rif is made up of a series of imbricate slices of unmetamorphosed carbonate rocks. Grouped together as the Dorsale Calcaire, they form a prominent ridge along the external margin of the Alborán Domain, extending from Al Hoceima in the south past the Strait of Gibraltar and into the western Betics. Equivalent units are also found along the external margin of the Kabylies in the Algerian Maghrebides. The Dorsale comprises a restricted stratigraphic sequence of Late Triassic to Early Jurassic platform carbonates, with a thin and often absent cover of Late Cretaceous pelagic marlstones and Tertiary shales and siliciclastic rocks (Wildi 1983) . A thin and structurally incoherent zone called the pre-Dorsale developed along the external margin, characterized by deep-water Late Jurassic and Cretaceous sequences, including radiolarian cherts, and a Tertiary sequence transitional into the flysch units (De Wever et al. 1985) . Late Paleocene and late Eocene to Oligocene breccias and possible olistostromes in both the Dorsale and preDorsale suggest Paleogene tectonism (El Kadiri et al. 2006 ). In the western Betics, the Dorsale includes syntectonic breccias ascribed to the Aquitanian (Martín-Algarra & Estévez 1984).
The Mesozoic stratigraphy of the Dorsale closely resembles that of the Internal Subbetic, and the Tertiary sequences resemble those of the flysch units, but the Dorsale is traditionally regarded as part of the Alborán Domain. The internal structure resembles an imbricate thrust stack, but it is commonly discordant with structures in the External Zone thrust belt. In the western Betics, for example, a steeply northwest-dipping stack of inverted (southeast-younging) thrust slices of Dorsale lies structurally above a right-way-up sequence of Maláguide slices, both of which have been emplaced above the gently dipping, right-way-up Internal Subbetic along the IEZB thrust (Balanyá & García-Dueñas 1987) (Figure 14) .
Paleomagnetic data from the northern Rif suggest that the Dorsale has been rotated approximately 30
• anticlockwise (Platzman et al. 1993) . This is consistent with the rotation of the Beni Bousera massif (Feinberg et al. 1996) and distinctly different from the clockwise rotation measured in the adjacent flysch belt, which suggests that the tectonic evolution of the Dorsale is closely related to that of the Alborán Domain. Nevertheless, the provenance, tectonic history, and significance of the Dorsale remain enigmatic.
LATE OROGENIC BASINS
Many sedimentary basins, including the Alborán Basin, formed within the Betic-Rif-Alborán system during the Miocene. These basins formed during the later stages of the tectonic evolution of the system-after the main tectonic and metamorphic events that created the Alborán Domain, but during the formation of the external thrust belt, the extension and thinning of the Alborán Domain, and the subduction and exhumation of the NFC. They can be grouped into several classes:
The large flexural foreland basins (Guadalquivir and Rharb) (Figure 1) resulted from the emplacement of the external thrust wedge and the periphery of the Alborán Domain onto the Iberian and African continental margins. The Alborán Basin (which includes several major depocenters) and some onshore extensions (notably the Málaga Basin) formed as a direct result of the dramatic extension and thinning of the Alborán Domain in the early Miocene. They are bounded by normal faults (Figure 1) , some of which are low angle, and the initial synrift fill is of Burdigalian or possibly older age (Comas et al. 1999) . The sediments rest unconformably on rocks of the Alborán Domain and include clasts derived from them. The depocenters in the Alborán Sea and the faults that bound them appear to follow the curvature of the Betic-Rif arc; onshore, in the Betics, the faults mainly have a north sense of displacement (Mayoral et al. 1994) . The bounding faults became inactive by the end of the middle Miocene (Comas et al. 1999 , Watts et al. 1993 . Numerous basins in the eastern and central Betics formed in the middle to late Miocene as a response to the extensional exhumation of the NFC. These basins alternate with the main east to west ranges of the Betic Cordillera to create a basin-and-range morphology that dominates the present topography of the internal Betics. The basins have a coarse synrift fill of Serravallian to early Tortonian age, evolving from continental to marine, and a postrift fill of late Tortonian and younger age, which evolves from marine to nonmarine as a result of the Messinian and younger uplift of the Betics (Sanz de Galdeano & Vera 1992). The basins formed in response to southwest-directed extension, with conjugate sets of northwest-trending normal faults (Meijninger & Vissers 2006 , Morales et al. 1992 . They also show a distinctive pattern of broad normal-fault-bounded basins linked by narrow corridors defined by dextral transtensional faults (Figure 16) . The Granada Basin is the deepest and largest of these basins: It may have reactivated an early Miocene basin at the same location, and it is undergoing active normal faulting (Martínez-Martínez et al. 2006) . The Miocene basins overlap in age with the volcanism in the east Alborán Basin and adjacent onshore areas, but for the most part, they are spatially separate (Figure 1) . Since the end of the Tortonian, the emergent areas of the Alborán Domain, including the late orogenic basins, have experienced up to 1,200 m of regional uplift (Braga et al. 2003) , and several basins have undergone some northwest-southeast-directed shortening associated with conjugate sets of strike-slip faults and local east-west-trending folds and reverse faults. These structures inverted, modified, and amplified the basin-and-range structures formed during the Serravallian to Tortonian extensional phase (e.g., Meijninger & Vissers 2006) .
GEODYNAMICS OF THE BETIC-RIF ARC AND THE ALBORÁN DOMAIN
In the following sections, we specifically address some of the major questions highlighted at the beginning of this article, drawing on the review of the geology and geophysics of the region presented above.
Dynamics of Arc Formation
The external Betic-Rif arc formed as a direct result of the westward migration of the Alborán Domain in the Miocene, overriding the flysch basin and the African and Iberian rifted margins. These areas were underlain by thinned continental crust and an unknown amount of oceanic crust. Palinspastic reconstructions suggest that ∼136,000 km 2 of crust has disappeared and that the preserved volume of continental crust is now ∼720,000 km 3 (Platt et al. 2003a ). If we assume that the rifted margin crust had an average thickness of 15 km, then the area of overridden continental crust was 48,000 km 2 and 88,000 km 2 of oceanic crust was subducted during the westward advance of the arc. These numbers are very approximate, but they suggest that there may have been sufficient negatively buoyant oceanic lithosphere to drive slab rollback. The regions that are most likely to have been underlain by oceanic crust are those that underlay the Flysch nappes and perhaps parts of the Intrarif and Subbetic (see Figure 10) . These areas may not have been contiguous, and it is not clear whether they could have defined a single continuous slab. Thus, the geometry of the subducted oceanic lithosphere beneath the Alborán Domain is likely to be complicated.
The second possible factor in driving the westward migration of the arc was the gravitational potential energy of the Alborán Domain. The early Miocene thermal evolution strongly suggests that mantle at asthenospheric temperature was emplaced close below the Alborán crust at some time between 27 and 24 Mya (Platt et al. 2003b ). This may have been a result of slab break-off (Blanco & Spakman 1993) , delamination (Calvert et al. 2000) , or convective removal (Platt & Vissers 1989 ): The precise mechanism does not affect the thermal and mechanical consequences. Platt (2007) calculated that the GPE (gravitational potential energy) contrast between the Alborán Domain and the flysch basins to the south and west immediately after this event was ∼ 7 × 10 12 N m −1 , and the contrast with the continental lithosphere of the African and Iberian continental margins was ∼ 5.1 × 10 12 N m −1 (the units are equivalent to J m −2 , or energy per unit area). These values are several times the driving force generated by a mid-ocean ridge and would be sufficient to drive extension of the Alborán Domain and thrusting or subduction of the surrounding crust. This implies (a) that, although a subducting oceanic slab may have existed to the west and south of the Alborán Domain in the Miocene, its existence was not essential to drive the tectonics of the region and (b) that thrusting onto the African and Iberian continental margins was likely to have been driven primarily by the high GPE of the Alborán Domain. Note that the thermal subsidence of the Alborán Domain during the Miocene, creating the present marine basin, would have reduced but not eliminated the GPE contrast, because of the initial lack of a significant thickness of lithosphere beneath it.
Further progress in understanding the dynamics of the arc will depend on better knowledge of crustal and lithospheric thicknesses and of the geometry, composition, and thermal age of the high-velocity material in the upper mantle. Geodynamic concepts such as rollback, delamination, slab break-off, and convective removal of lithosphere need precise definitions of the dimensions and geometry of the mechanical elements involved if they are to be useful as testable hypotheses in the context of the Betic-Rif-Alborán system. These concepts also need to respect the geological evidence for the timing and kinematics of deformation and the thermal evolution of the exposed crust and upper mantle rocks.
Kinematics of the External Betic-Rif Arc
In common with many other continental arcs, the Betic-Rif thrust belt shows a strongly divergent pattern of slip vectors on thrusts around the arc (Figure 9) . Four processes were involved in creating this pattern:
1. The most important process was the convergence between Africa and Iberia. The angular difference between the thrusting direction on the two limbs of the arc is directly related to the relative magnitude of Africa-Iberia motion and the motion of the Alborán Domain, which places important constraints on the large-scale kinematics of the arc (Figure 9 ). 2. Differential displacements produced by the opening of Miocene basins within the Alborán Domain were transferred into the external thrust belt (e.g., Figure 16 ), thus causing progressive changes in thrust direction around the arc. 3. Slip partitioning is locally important, most notably in the Cazorla arc of the eastern Betics.
Slip partitioning onto the sinistral Nekkor fault in the Rif may partly explain southeastdirected slip vectors in that region (Figure 9 ). 4. Vertical-axis rotation during oblique convergence on the two flanks of the arc contributed substantially to the observed pattern by modifying the orientations of geologic signatures of the thrusting directions, but the effect varies according to the relative timing of rotation and thrust displacement.
Improved understanding of the kinematics of the arc will require collection of thrust slip vectors and paleomagnetic data from the external northern Rif, for which data are largely lacking. Improved data sets are also needed from the southern Rif and the central Subbetic. Palinspastic reconstructions require a better definition of the depth to basement beneath the thrust belts and more precise knowledge of stratigraphic thicknesses of the various successions involved in thrusting. Structural cross sections used for displacement estimates need to be constructed parallel to the thrust transport direction, rather than normal to the regional strike.
Subduction and Exhumation in the Alborán Domain
Two separate stages of subduction and exhumation contributed to the structure of the Alborán Domain. The first stage started as early as 50 Mya, creating an accretionary complex composed primarily of slices of continental rocks. We have few or no constraints regarding the provenance of this crustal material or the direction and polarity of the subduction event. In view of the lack of evidence for pre-Miocene contractional tectonics on the Iberian margin, most reconstructions place the subduction zone on the southeast side of the Alborán Domain, with a northwest sense of underthrusting (Figure 11) . Subduction may have continued through late Oligocene time, leading to substantial crustal thickening. Rapid extensional collapse of the crustal welt took place around the Oligocene-Miocene boundary as a result of slab rollback, slab break-off, convective removal, or delamination. The direction of extension during this stage was predominantly east by northeast in present-day coordinates and evolved to north in the latest stages, but originally, it was likely around north by northeast (Figure 12) .
Immediately following this extensional event, the leading edge of the Iberian margin was subducted southeast beneath the northwest margin of the Alborán Domain to form the NFC (Figure 10) . Whether this represents a renewed episode of subduction following a reorganization of the plate boundary, or punctuated subduction and exhumation above a continuously subducting slab, depends primarily on the polarity of early subduction and on the causes of lithospheric thinning in the Alborán Domain prior to 18 Mya. Convective removal and delamination would require that subduction of the Iberian margin represented renewed subduction following the foundering of previously subducted material. By contrast, slab rollback and slab break-off allow the possibility of continuous subduction if the original subduction zone was also southeast directed (Vergés & Fernàndez 2012) .
The two subduction complexes differ fundamentally in the processes that exhumed them from deep crustal levels. The exhumational style and PT paths recorded in the earlier (Alpujárride/Sebtide) complexes typify late-stage orogenic collapse, showing evidence for significant heat input during decompression. The NFC, by contrast, exhibits clear evidence of cooling during decompression, remaining entirely within the kyanite field throughout exhumation. Cooling during exhumation is more characteristic of syncontractional exhumation at the top of the subducting slab; ongoing subduction keeps the exhuming rocks cool as heat diffuses into the downgoing slab during exhumation. Despite these important differences in exhumational style, both complexes are bounded above by large-scale detachments (albeit of different age and opposite polarity), which suggests that the final stages of exhumation in each case involved capture and exhumation of the partially exhumed rocks from mid-crustal levels by low-angle normal faults.
Origin, Emplacement, and Exhumation of the Peridotite Massifs
The peridotite massifs of the Betic-Rif arc record thermal and deformational events that can be linked to the evolution of the Alborán Domain. The original mantle peridotite experienced exhumation from >150 km to ∼90 km, most likely during Mesozoic rifting, followed by isobaric cooling until the ∼24-Mya onset of extension and heating of the Alborán domain. During or prior to this extension, the lower part of the lithospheric mantle was removed, juxtaposing hot asthenosphere against the base of the currently exposed peridotite. This heated the deeper units of the peridotites as the upper margin cooled during motion along a lithosphere-scale normal-sense shear zone that exhumed them to crustal levels. The upper margin of the peridotite was probably emplaced against the overlying crustal rocks before the whole sequence was thrust onto the Iberian margin. The base of the peridotite massif remained hot (>800 • C) until it was emplaced onto the crustal rocks that currently underlie it, and these rocks experienced thermal metamorphism, partial melting, and, finally, mylonitic deformation as the peridotite was emplaced.
Exhumation of the peridotites and the accompanying thermal event coincided closely in time with the creation of the Alborán Sea basin by crustal thinning and the exhumation of deep-seated crustal rocks. Thus, any geodynamic model for Alborán extension must account for the rapid exhumation of mantle peridotite at the same time as heating from below as a result of juxtaposition of asthenosphere against the upper lithospheric mantle. Models that propose the delamination of the entire lithospheric mantle do not fit the data because some of that mantle is preserved in the peridotite massifs. However, partial delamination, slab rollback, convective lithospheric removal, or slab break-off are all possible mechanisms to introduce an asthenospheric heat source.
CONCLUSIONS
The Betic-Rif arc and the Alborán Domain provide examples of a range of tectonic processes that challenge traditional concepts of orogeny. A thick accretionary complex was built up as a result of subduction of slices of the upper continental crust. Removal of the lithospheric mantle beneath this complex, accompanied by heat input from asthenospheric upwelling, drove rapid lithospheric extension and exhumation of the subcontinental mantle. The extending Alborán Domain overrode the Iberian continental margin, which was subducted, metamorphosed to eclogite facies, and exhumed over a period of <10 Ma. Driven by some combination of high gravitational potential energy and rollback of a subducting slab, the Alborán Domain drove westward between the converging African and Iberian plates, creating a highly arcuate thrust belt surrounding an extensional back-arc basin.
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